Duplex DNA is a dynamic structure that shows both rapid unpairing of individual base pairs and larger cooperative unfolding events that occur on much slower time scales. 1,2 Since DNA is a ligand or substrate for a plethora of proteins and enzymes, it is of significant interest to understand the role of such dynamic fluctuations in site specific recognition. One paramount example is the role of spontaneous DNA base pair opening in the process of enzymatic recognition of damaged DNA bases by DNA glycosylases. 3 These DNA repair enzymes must locate extremely rare oxidized, deaminated, or alkylated bases in a large background of normal DNA bases in the genome that may be present in >10 7 -fold excess over the damaged base. 3 In principle, two general mechanisms may be envisioned for location of such damaged sites: either the site itself posseses dynamic or structural features that lead to passive enzymatic recognition, or the enzyme posseses specialized search tools that allow for active inspection of the damaged base while its distinguishing structural features are still partially or completely obscured in the DNA base stack.
Duplex DNA is a dynamic structure that shows both rapid unpairing of individual base pairs and larger cooperative unfolding events that occur on much slower time scales. 1, 2 Since DNA is a ligand or substrate for a plethora of proteins and enzymes, it is of significant interest to understand the role of such dynamic fluctuations in site specific recognition. One paramount example is the role of spontaneous DNA base pair opening in the process of enzymatic recognition of damaged DNA bases by DNA glycosylases. 3 These DNA repair enzymes must locate extremely rare oxidized, deaminated, or alkylated bases in a large background of normal DNA bases in the genome that may be present in >10 7 -fold excess over the damaged base. 3 In principle, two general mechanisms may be envisioned for location of such damaged sites: either the site itself posseses dynamic or structural features that lead to passive enzymatic recognition, or the enzyme posseses specialized search tools that allow for active inspection of the damaged base while its distinguishing structural features are still partially or completely obscured in the DNA base stack.
The DNA repair enzyme uracil DNA glycosylase (UNG) must find uracil bases in the genome that arise from spontaneous deamination of cytosine bases or the misincorporation of dUTP opposite to adenine during DNA replication. 3 It is well-established that UNG uses an extrahelical recognition mechanism where the uracil base and sugar are rotated 180°from the DNA base stack into a highly specific recognition pocket that excludes other natural DNA bases, including thymine and cytosine. 4, 5 Thus, one question in uracil recognition is when along the base flipping reaction coordinate UNG discriminates between the structural congeners T and U. We have previously developed an NMR approach to address the question of whether UNG can transiently open TA base pairs and whether initial recognition involves spontaneous opening of the base pair to dock thymine in a loose recognition pocket that serves as a sieve to allow UNG to discriminate U from T 1 . These studies clearly revealed that Escherichia coli UNG specifically stabilizes thymine in an extrahelical state by slowing the closing rate. Most interestingly, UNG does this without increasing the rate of spontaneous TA base pair opening when it binds. The results were consistent with a passive mechanism of TA base pair inspection that is initiated by spontaneous, thermally induced motions of the thymine base that serve to expose it to a transient pyrimidine binding site on UNG. 6 Additional evidence that UNG can flip thymine is provided by the observation that the enzyme can be converted into a thymine DNA glycosylase by simply enlarging the active site such that the 5-methyl group is sterically accommodated. 7, 8 If a passive recognition model is generally applicable to UNG, then (i) the rate of thymine base pair opening in free and UNGbound DNA should be equal for a series of thymine base pairs (TX) regardless of their thermal stability (Figure 1 ), and (ii) the closing rates in the presence of UNG should be similar even if the closing rates differ widely in the free DNA. This is expected since, in a first approximation, the interaction of thymine with the UNG recognition site should be independent of the nature of the TX base pair. UNG is an ideal system for this analysis because it does not directly interact with the base opposing the uracil or thymine. 4, 5 To provide a rigorous test of these predictions we have now measured DNA base pair opening and closing rates in the absence and presence of UNG for a series of increasingly destabilized TX base pairs that contain one (T 6 N), two (T 6 A), or three (T 6 D) hydrogen bonds (Figure 1 ). Because the imino proton is protected from solvent while hydrogen bonded in a base pair, the base pair opening and closing rates (k op and k cl ), and the equilibrium constant for opening (K op ) may be indirectly obtained by measuring the individual imino proton exchange rates using NMR solvent magnetization transfer methods (Scheme 1). 9 A powerful aspect of this approach is that the rate-limiting step for exchange may be changed from the chemical step (k ex ) to base pair opening (k op ) by addition of increasing concentrations of a proton exchange catalyst (k B [B] ).
Comparison of the measured opening rates (k op ) in Table 1 for each T 6 X base pair in the free and UNG-bound DNA shows that UNG does not actively accelerate base pair opening. This finding extends the previous conclusion to a series of isostructural base pairs with widely different thermodynamic stabilities 1 . Although the enzymatic opening rates show no consistent trend (modest decreases or a slight increase are observed, Table 1 ) the enzyme is found to slow the closing rates (k cl ) by factors of 23-and 20-fold for the T 6 D (three H-bonds) and T 6 A (two H-bonds) duplexes, but to have no effect on any exchange parameter for the destabilized T 6 N base pair (one H-bond). In further experiments using a similar palindromic 10 mer DNA in which the central TA base pair was moved one position in the sequence (T 7 A), 10 we have confirmed the general conclusion that UNG selectively promotes imino exchange of TA base pairs. However, as previously reported, imino proton exchange of guanine bases adjacent to TA pairs is also promoted by UNG, which is most reasonably attributed to a proximity effect because isolated GC pairs show no imino exchange enhancement with UNG. 1, 10 We note that the opening equilibrium (K op ) for the T 6 X series in the free DNA increases by 55-fold in the order T 6 D < T 6 A < T 6 N, and the trend is due mainly to increases in the opening rates. Two unexpected findings are that the opening rates for free T 6 D and T 6 A are similar despite the extra hydrogen bond in the T 6 D pair and, furthermore, that free and bound T 6 D show a 3-fold faster closing rate than the T 6 A. A possible explanation for the similar opening rates is that opening of T 6 D through the major groove only involves breaking of the hydrogen bonds involving the 6-NH 2 and N1 positions of D. Thus the third hydrogen bond between thymine O2 and the 2-NH 2 group of D serves as a pivot to partially hold the rotated T 6 D pair in the stack and kinetically facilitate the closing rate. A similar conclusion was previously proposed in a computational study of GC base pair opening, 11 but more extensive experiments will be required to a establish a pivot mechanism for base pairs with three hydrogen bonds. UNG increases K op for the T 6 D and T 6 A duplexes by 13 and 75-fold, but has no effect on K op for T 6 N. Thus, UNG does little work to assist opening of base pairs that are already kinetically and thermodynamically predisposed to open. This supports previous studies where it was found that uracil flipping by UNG is enhanced by weakly hydrogen bonded and flexible base pairs. 12, 13 The mechanistic implications of these data are best appreciated by comparison of the fold changes in the opening and closing parameters induced by UNG (Figure 2) . The catalytic power of UNG in promoting imino proton exchange may be defined as the ratio k op UNG /k op free or k cl UNG /k cl free because increasing the opening rate (or decreasing the closing rate) promotes imino proton exchange (Scheme 1). The salient finding of Figure 2 is that UNG's catalytic power is attributed mostly to decreases in k cl , whereas UNG has little catalytic power with respect to accelerating TX base pair opening (k op ). These observations support a mechanism in which the very earliest event in recognition by UNG involves spontaneous expulsion of the base into a transient binding site that has been detected in crystallographic studies of the herpesvirus UNG bound to pTpTpT. 6, 14 Once this site is transiently occupied, the base has an opportunity to partition forward along the base flipping reaction coordinate (in the case of uracil), or alternatively, to re-enter the DNA base stack (in the case of thymine). Since the lifetime of the extrahelical base in the free DNA is so short (∼100 to 800 ns, Table 1 ), and UNG exhibits diffusion controlled binding kinetics, it is an improbable event that UNG encounters the extrahelical base during a bimolecular collision 1 . Instead, UNG must be already bound in the correct register to capture the pyrimidine base as it emerges from the duplex, providing a mechanistic role for shortrange sliding on duplex DNA. 3, 5 The universality of such a sieve mechanism is not yet clear, because crystallographic studies on MutM, a glycosylase that removes oxidized guanine residues (G°), suggested that it actively destabilizes GC and G°C base pairs using a Phe side chain, but only flips G°. 15 In contrast, a sieving site that binds both extrahelical G and G°has been proposed with another 8-oxoguanine DNA glycosylase (hOgg1). 16 In any event, solution NMR has allowed detection of a high energy state important for UNG recognition, and this state would be difficult or impossible to uncover using any other method.
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